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Abstract 
 
Alkaline fuel cells (AFCs) are promising power sources due to superior cathode kinetics as 
compared to acidic media and the ability to use inexpensive non-noble metal catalysts.  
However, carbonate formation from carbon dioxide in air has long been considered a significant 
hurdle for liquid electrolyte-based AFC technologies.  Carbonate formation consumes hydroxyl 
anions, which leads to (i) reduced electrode performance if formed salts precipitate from solution 
and (ii) lowered electrolyte conductivity, which reduces cell performance and operating lifetime.  
We have used a microfluidic H2/O2 fuel cell as an analytical platform to determine the effects of 
the carbonate formation problem in alkaline fuel cells.  The microfluidic fuel cell has modular 
components that can easily be swapped to test electrodes, electrolyte, or other aspects of the fuel 
cell.  A reference electrode placed at the outlet allows for individual electrode analysis, which is 
not normally possible in conventional membrane-based fuel cells.  In this thesis, it is 
demonstrated that AFC performance can be resilient to a broad range of carbonate 
concentrations.  Furthermore, the effects of carbonate formation rates on projected AFC 
operational lifetime are determined.  A quantitative method to analyze individual electrode 
performance using single electrode plots and the two parameters Rohmic and Vkinetic is also 
developed.  Results demonstrated that losses from both electrodes are substantial in an alkaline 
fuel cell, and that ohmic and mass transport losses are shown to only significantly affect Rohmic.  
IR-corrections were used to isolate individual kinetic and mass transport losses at each electrode 
within the operating fuel cell.  These findings demonstrate great potential to broaden the scope of 
fuel cell research. 
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 Chapter 1: Introduction
 
1.1 Microfluidic H2 fuel cells for 
A fuel cell is a device that converts chemical energy directly to electrical energy, 
bypassing the efficiency limitations of the Carnot cycle.
hydrogen at the anode to produce electr
produce current.  In an alkaline fuel cell (Figure 1.1), the hydrogen reacts with hydroxyls in the 
electrolyte to form water.  The water travels across the electrolyte, which can be a polymeric 
membrane or a liquid with dissolved ions, to the cathode, where the water is reduced into 
hydroxyls by reacting with oxygen (typically from air) and the electrons.  The net reaction is that 
of combustion, but the pathway avoids the losses from converting heat int
reaction does not consume the anions in the electrolyte, so the same electrolyte can be used for 
the lifetime of the cell in the absence of contaminants.
Figure 1.1: Diagram of an alkaline 
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Each electrode requires a catalyst to produce significant current density; the best-
performing catalyst at each electrode is platinum, typically supported on Vulcan carbon.
1-4
  The 
most widely known application for alkaline fuel cells is in the space shuttle, where an alkaline 
fuel cell with a stationary KOH electrolyte has been used as the primary source of electricity 
since the 1960s.
1
  Although this technology is well-developed, the expense and rarity of platinum 
have barred widespread application; alkaline fuel cells with one or both platinum electrodes still 
remain valuable for analytical purposes.
1
  In an alkaline fuel cell, transition metal catalysts are 
stable, so cheaper catalysts such as silver at the cathode or nickel at the anode are viable and 
ultimately more promising for commercial applications.
3,5
  However, catalysts are only one of 
the factors that have been limiting fuel cell applications, with hydrogen storage being another 
limitation.
1,6
 
Rapid improvements in hydrogen storage technology are advancing fuel cells towards 
commercially-viable portable power sources.
6
  Small-scale hydrogen-fueled alkaline-based fuel 
cells demonstrate superior energy densities compared to rechargeable batteries offering cheaper 
and lighter alternatives for applications such as mobile power generators and television cameras.
7
  
Furthermore, metal hydrides and other metal organic frameworks provide high density hydrogen 
storage without the inefficiencies and safety concerns inherent to pressurized storage.
8
  On-board 
reforming of liquid fuels, such as sodium borohydride, ammonia, or methane is another option, 
although the temperature and volume requirements pose a large obstacle for portable 
applications.
8
  Although hydrogen storage technologies are still an emerging field, current 
generation technology can produce commercially viable fuel cells.
7
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1.2 Methods for fuel cell analysis  
One of the major hurdles for fuel cell commercialization is a lack of fundamental 
understanding of the causes for fuel cell behavior.  Fuel cell catalysts are commonly screened 
using a rotating disk electrode (RDE), which contains a small amount of catalyst (< 0.1 mg/cm
2
) 
and is rotated in a dilute 0.1 M solution of electrolyte to control mass transport to the surface.
9,10
  
This method is designed to isolate the kinetic behavior of various catalysts, but the low loadings 
and low electrolyte concentrations used in these setups limits the applicability of the results for 
actual fuel cell conditions with higher electrolyte concentrations and catalyst loadings.  More 
recently, a promising method developed by Kucernak et al. uses gases flowed over a membrane-
mounted electrode instead of the dissolved gases used in RDE experiments, allowing the system 
to reach higher current densities than can be obtained with an RDE.
11
  While this method better 
resembles an actual fuel cell, the results are still catalyst-oriented, and some conclusions about 
the superiority of Pt black over Pt/C (in terms of specific activity) would be misleading, given 
that Pt/C performs better in an actual fuel cell.
12
 
Electrochemical half cells are also used to study fuel cell components, but suffer from many 
of the same weaknesses as RDEs.  Half cell experiments typically use gases bubbled through 
solution and a Pt counter electrode.
4,13
  While it is possible to test electrodes in these types of 
setups, the differing method of gas delivery may lead to divergent results and these results do not 
always correlate well to full cell experiments.
14
 
Methods to analyze full cell performance also exist.  Overall cell performance is typically 
measured with polarization curves, which plot voltage versus current.  These curves have three 
different regions: kinetic, in which activation losses dominate the cell behavior; ohmic, in which 
kinetic, IR, and mass transport losses all have an effect and the polarization curve is roughly 
linear; and mass transport, where losses from the supply of reactant(s) cause a significant 
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divergence from the ohmic region of the polarization curve.
15
  While polarization curves are 
highly accurate, they are specific to the fuel cell tested, and there is much variance in 
performance due to varying operating conditions.  Furthermore, the overall polarization curve 
does not distinguish between different electrodes, so activation or mass transport losses may be 
from the cathode, anode, or both electrodes.  The full cell polarization curves can be fitted based 
on kinetic/ohmic parameters, which has been previously done by Kim et al. and Yoon et al.
16,17
, 
but these parameters may be artificial, since they are not based on individual electrode 
performance. 
Electrochemical impedance spectroscopy (EIS) is frequently used to gain a deeper 
understanding of fuel cell behavior.  EIS uses an AC current to cause disturbances in the cell that 
can ultimately be interpreted to gain Rcell, the internal cell resistance containing electrolyte and 
contact resistances, and Rct, the charge transfer resistance containing kinetic losses.
15
  Impedance 
is a valuable tool for interpreting full cell results, but it is specific to a given cell and does not 
distinguish between different electrodes.  While Rcell and Rct are inversely correlated with power 
density, they also do not yield information about power density over a range of potentials. 
Reference electrodes are a more direct way to understand fuel cell behavior.  A reference 
electrode is used to determine the potential at each electrode, decoupling the effects of anode and 
cathode behavior.  A Ag/AgCl or a saturated calomel electrode is used for a liquid electrolyte 
fuel cell, while PEM and solid oxide fuel cells typically do not use reference electrodes.  It is 
possible to embed a reversible hydrogen electrode (RHE) with membranes,
14,18,19
 although the 
accuracy is highly dependent on electrode alignment,
20-23
 which can be fixed via laser ablation.
18
  
Anion-exchange membrane fuel cells (AEM)
19
 and solid oxide fuel cells can also use reference 
electrodes with the same requirement of proper alignment.
20,23
  With an even more complex 
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fabrication procedure, double reference electrodes with a 0.5 mm+ electrode offset have been 
demonstrated to yield IR-corrected potentials within a PEM fuel cell.
24,25
  These methods are 
very powerful ways to provide direct information about electrode performance, although the 
difficulty in synthesizing a reference electrode within non-liquid fuel cells has limited their usage 
so far.  However, methods that make use of this data are uncommon. 
Two electrode plots are typically used with full cell data obtained with a reference electrode.  
Two electrode plots plot individual electrode potential vs the reference electrode, and serve as 
polarization curves for each electrode.  These plots are an important way to display single 
electrode information, and are compatible with liquid electrolyte fuel cells or specially designed 
membrane fuel cells.
22,26
  These plots are very valuable for cathode analysis and can separate out 
behavior even in fuel cells where both electrodes have significant losses, such as alkaline fuel 
cells.
10,27-29
  However, to date these plots have been used for largely qualitative analysis based on 
inward/outward shifts of the polarization curves.  They still exhibit the same qualitative regions 
found in full cell polarization curves, since the full cell polarization curves are just the 
combination of the two electrodes. 
When combined, all of these methods can reveal significant detail about fuel cell behavior, 
but they are still limited by the scope of each individual method.  Existing methods have been 
used to develop commercially-viable fuel cells, but much more research is needed to promote 
widespread application.
7
 
1.3 Our analytical platform 
Our research group has previously developed a microfluidic hydrogen-oxygen (H2/O2) fuel 
cell with a flowing alkaline electrolyte stream
27
 to analyze fuel cell behavior in-situ.
26-29
  This 
modular fuel cell can be assembled and disassembled within minutes for each experiment, 
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enabling easy swapping of electrodes and fuel cell components for rapid testing.  A reference 
electrode is placed at the outlet, enabling individual electrode analysis in-situ.
30
  While it is 
possible to add a reference electrode to other types of fuel cells, the fabrication of those cells 
with a reference is complex, as stated previously; our cell does not require additional fabrication, 
and thus a reference electrode provides additional data for each trial.  External control over the 
electrolyte stream yields compositional control for both performance optimization and 
contaminant analysis.  These inherent advantages for the microfluidic cell make it a powerful 
analytical platform, as well as a potential power source. 
In this work, our microfluidic hydrogen-oxygen (H2/O2) fuel cell with a flowing alkaline 
electrolyte stream
27
 is used to study the impact of carbonates, a common contaminant in alkaline 
fuel cells, on performance.  External control over the flowing electrolyte in the fuel cell enables 
the controlled introduction of carbonate species while the individual anode and cathode losses 
are simultaneously monitored by an external reference electrode.
30
  The effect of carbonate 
formation is quantified in a wide variety of experimental conditions.  Finally, a novel analytical 
method is used that can provide further insight into fuel cell behavior beyond that yielded by 
current methods. 
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Chapter 2: Quantifying resilience to carbonate formation in 
alkaline fuel cells
*
 
 
The methodology and testing of a microfluidic H2/O2 fuel cell are described in this 
chapter.  This fuel cell is used as an analytical platform to determine the effect of carbonate 
formation on cell performance.  Carbonate formation has a smaller effect in fuel cells that are 
air-breathing.  Based on literature values
5
, our predictions show that fuel cells with a KOH 
concentration  ≥ 5 M can maintain 90%+ performance for up to 3900 hours. 
2.1 Introduction 
Alkaline fuel cells (AFCs) have cost and kinetic advantages over conventional acidic fuel 
cells.  Many transition metals are more stable in alkaline media, allowing for cheaper catalysts 
(e.g. Ag, Ni) to replace the expensive Pt catalysts commonly used in acidic media.
2,5,31,32
  
Alkaline media also yields superior kinetics for the oxygen reduction reaction (ORR), which is 
the limiting reaction in acidic media.
2,3,32
  Carbonate formation as well as water management 
have hampered mass commercialization of AFC technologies.  This chapter focuses on the 
carbonate formation issue.  The charge-carrying hydroxyl ions in the electrolyte react with 
carbon dioxide from organic fuel oxidation (i.e. methanol, formic acid) and/or air to form 
carbonate species via the following overall reaction: 
 OHCOCOOH2
2
2
32
+→+
−−  (1) 
This fast reaction is essentially irreversible (Keq = 7 x 10
25
) and its effects are twofold.  First, 
carbonate formation depletes hydroxyl ions from the electrolyte, which reduces electrolyte 
conductivity and consequently cell performance.  Second, formed carbonates can precipitate 
within the electrode potentially blocking electrocatalytic sites.  Also, these precipitants gradually 
                                                 
*
 Part of this work has been published:  M. S. Naughton, F. R. Brushett, P. J. A. Kenis, “Carbonate resilience of 
flowing electrolyte-based alkaline fuel cells”, Journal of Power Sources 2011, 196, 1762-1768. 
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decrease the hydrophobicity of the electrode backing layer leading to damage in the pore 
structure and electrode flooding.
33
  Carbon dioxide present in the anode or cathode feeds of an 
alkaline fuel cell reacts with a high conversion.  For example, Gulzow et al. demonstrated that 
for an oxygen feed with 5 wt % CO2, a 150 times higher concentration than found in air, more 
than 80% of the original CO2 reacted after being supplied to a fuel cell without backpressure.
5
  
Consequently, most AFC systems employ an on-board scrubber, usually based on soda lime, to 
remove carbon dioxide from the oxidant stream prior to contact with the fuel cell.
34
  However, 
these additional components increase fuel cell system volume and complexity, making this 
method undesirable for portable applications. 
Studies by other researchers have differed on whether carbonate precipitation is an issue for 
stagnant liquid electrolyte fuel cells.
5,33,35
  To compare whether precipitation is an issue for a 
given experiment, it is useful to define a term tprecip as the time for power density to drop at least 
10% due to carbonate precipitation.  Rolla et al. found that at 30°C a fuel cell with a stagnant 6 
M KOH electrolyte was not greatly affected by operation in ambient air (.03 wt % CO2), but 8.5 
M KOH caused a sharp drop in performance and electrode leaking starting after 100 h of 
operation, yielding a tprecip of 100 h.
33
  This behavior was attributed to carbonate precipitation in 
the pores at 8.5 M KOH, which was caused by the higher KOH concentration slowing the 
diffusion of carbonate into the solution.  Furthermore, high humidity air prevented the premature 
aging for 8.5 M but not 10 M KOH, due to the higher activity of water assisting in carbonate 
removal. 
Al-Saleh et al. found that .03% CO2, the concentration found in air, in the oxygen fed to a 
half-cell with an Ag/PTFE electrode and a stagnant 5.7 M KOH electrolyte had no effects over 
200 h.
35
  On the other hand, 1% CO2 in the oxygen stream caused a 15% decrease in power 
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density over 200 h when the half-cell was operated at 25°C, but did not cause a decrease when 
the half-cell was operated at 72°C.  The tprecip for the 1% CO2, 25°C setup was 50 h.  The authors 
stated this behavior was caused by site blocking due to carbonate precipitation in the electrode, 
and that the higher solubility of potassium carbonate at 72°C prevented any precipitation in the 
electrode.  However, it is also possible that the superior kinetics at the higher temperature made 
the partial site blocking irrelevant to the electrode performance.  Gulzow et al. found that 5% 
CO2, a concentration of 150x that found in air, in the oxygen fed to a half-cell operating at 80°C 
with an Ag/PTFE electrode and a stagnant 7.1 M KOH electrolyte had no effects over 3500 h.
5
  
Based on this one result, Gulzow concluded that carbon dioxide is not a problem for alkaline fuel 
cells.  The conditions and tprecip for these three studies are summarized in Table 2.1. 
Table 2.1: Precipitation times from literature 
Author 
 
KOH concentration 
(M) 
CO2 concentration 
(wt %) 
Temperature 
(°C) 
tprecip  
(h) 
Rolla
33
 6 0.03 30 >2000 
Rolla
33
 8.5 0.03 30 110 
Al-Saleh
35
 5.7 0.03 25 >200 
Al-Saleh
35
 5.7 1 25 50 
Al-Saleh
35
 5.7 1 72 >200 
Gulzow
5
 7.1 5 80 >3500 
 
Whether or not carbonates precipitate is ultimately governed by mass transport of carbonate 
out of the pores.
33
  Table 2.1 shows that higher KOH concentrations and higher CO2 
concentrations increase the likelihood of early precipitation.  These studies show that higher 
temperatures greatly decrease the likelihood of precipitation, likely by increasing the solubility 
of carbonate and increasing the rate of diffusion out of the pores.  The overall results for stagnant 
electrolyte fuel cells are that precipitation does not occur for moderate KOH concentrations (6 M 
or less) when operating with air and that higher temperatures of 80°C allow for even 5% carbon 
dioxide to be present in the supplied oxygen without precipitation occurring. 
11 
 
Increasing electrode porosity can reduce the likelihood of carbonate precipitation by 
facilitating carbonate transport.  Rolla found that electrodes with increased active layer porosity 
could prevent premature aging for 8.5 M KOH electrolyte.
33
 The increased active layer porosity 
was theorized to assist water transport towards the carbonate and/or transport of carbonate anions 
out of the pores.  However, carbonate still precipitated when 10 M KOH was used with the more 
porous electrodes.  Gulzow found that silver electrodes, which do not have a fine pore structure, 
decayed at approximately the same rate regardless of CO2 content in air.
5
  Gulzow’s 2003 study 
demonstrated that Raney nickel electrodes could function for 3000 h without precipitation under 
the conditions shown in Table 1.
5
  
A tradeoff exists between durability and cost when designing low-temperature AFC-based 
power sources to mitigate the effects of carbonate formation.  Liquid electrolyte-based AFCs can 
operate with either stagnant or flowing electrolyte streams.  While stationary electrolyte 
configurations do not require electrolyte pumping equipment, they are more vulnerable to 
carbonate precipitation since the phase change is dependent on local electrolyte saturation.  
Flowing electrolyte configurations are more resistant to carbonates as precipitation is dependent 
on saturation of the entire electrolyte volume, but electrolyte pumping ancillaries increase system 
cost and complexity.
27
 
Recently many research efforts focus on polymeric anion-conducting membranes to replace 
liquid electrolytes in AFCs.
36-39
  Alkaline anion exchange membranes (AAEMs) utilize a mobile 
anion, such as hydroxyls, and a stationary cation embedded in the polymeric membrane 
structure, such as quaternary ammonium.
39
  Consequently, AAEMs are less susceptible to 
carbonate precipitation since no mobile cations are present within the membrane.  However, 
precipitation may still occur if metal cations are present from other sources (i.e., fuel stream, 
12 
 
component degradation by-products).
39
  Thus far, the presence of carbonates has yielded 
inconsistent results in AAEM-based fuel cells.  For example, Piana et al. reported a significant 
voltage drop from the presence of CO2 in air, whereas Adams et al. reported a small performance 
increase using a carbonate-doped AAEM.
36,37
  The performance of AAEM-based fuel cells is 
also hindered by membrane-related issues, most notably water management at each electrode.  
Furthermore, the long term stability of AAEMs, especially at elevated temperatures, remains 
insufficient.
38
  Whether a membrane-based approach or a flowing electrolyte based approach will 
be more efficient and/or cost effective is unclear at this point. 
The presence of CO2 in air has been perceived as detrimental for long term operation of 
alkaline liquid electrolyte fuel cells.
37-39
  Yet, the precise effects of carbonate formation on the 
electrolyte at commercially-relevant KOH concentrations have not been investigated 
quantitatively within an operating fuel cell.  Previous work by Tewari et al. in a methanol/O2 fuel 
cell focused solely on KOH concentrations of 1 M or less, while long-term studies by Gulzow et 
al. were conducted in a half-cell setup rather than in a fuel cell.
5,40
  Governmental targets for the 
application of fuel cells in portable and stationary applications from the U.S., Japan, and the 
European Union all require performance degradation of less than 5-10% over the fuel cell 
lifetime.
41,42
  An improved understanding of the extent of carbonate formation is necessary to 
design AFCs with the appropriate electrolyte volume for their target lifetime and/or to replace 
the electrolyte at appropriate intervals. 
Here, we use our microfluidic hydrogen-oxygen (H2/O2) fuel cell with a flowing alkaline 
electrolyte stream
27
 to study the impact of carbonates on AFC performance.  External control 
over the flowing electrolyte in the fuel cell enables the controlled introduction of carbonate 
species while the individual anode and cathode losses are simultaneously monitored by an 
13 
 
external reference electrode.
30
  Initial studies without carbonate were conducted to analyze peak 
power density and the associated parasitic pumping losses.  From the initial performances and 
the corresponding accelerated aging studies, the impact of carbonate formation rates on projected 
fuel cell lifetimes was determined and the results were compared to reported values in the 
literature. 
2.2 Experimental 
2.2.1 Gas diffusion electrode preparation 
Commercially available Pt/C (50% mass on Vulcan carbon, E-Tek) or Ag/C (60% mass on 
Vulcan carbon, E-Tek) were used as electrode catalysts.  A 40 wt% loading of 
polytetrafluoroethylene (PTFE, Aldrich) was used as the catalyst binder such that catalyst inks 
were prepared by mixing 2 mg of Pt/C or 6.7 mg of Ag/C and 1.3 mg or 4.5 mg PTFE powder, 
respectively.
27
  100 µL of DI water and 150 µL of isopropyl alcohol were added as carrier 
solvents.  The catalyst inks were sonicated (Branson 3510) for 1 hr to obtain a uniform mixture, 
which was then painted onto the hydrophobized carbon side of a Toray carbon paper gas 
diffusion layer (EFCG “S” type electrode, E-Tek) to create a gas diffusion electrode (GDE).  The 
GDE was sintered under a nitrogen atmosphere at 330 °C for 20 min in a preheated tube furnace 
(Lindberg/Blue) followed by hot pressing at a pressure of 340 psi and a temperature of 120 °C.  
For the microfluidic H2/air fuel cell, the final catalyst loading was 4 mg/cm
2
 of Ag (60% mass 
Ag) for the cathode and 1 mg/cm
2
 of Pt (50% mass Pt) for the anode.  For the microfluidic H2/O2 
fuel cell, the final catalyst loading was 1 mg/cm
2
 of Pt (50% mass Pt) for both electrodes. 
2.2.2 Fuel cell assembly and testing 
To assemble the fuel cell, shown in Figure 2.1, the cathode (Pt/C or Ag/C) and the anode 
(Pt/C) were placed on the opposite sides of a 0.2-cm thick polymethylmethacrylate (PMMA) 
14 
 
window, such that the catalyst-coated GDE sides face the 3-cm long and 0.33-cm wide window 
machined in PMMA.
26
  The microfluidic chamber volume was 0.2 ml.  The window has one 
inlet and one outlet from the side for the electrolyte flow, aqueous solutions of either potassium 
hydroxide (KOH, Mallinckrodt, 88 %, balance of H2O) or potassium carbonate (K2CO3, Fisher 
Chemical, 99.8 %).  Two 1-mm thick graphite windows were used as current collectors.  For the 
air-breathing configuration, on the anode side a polycarbonate gas flow chamber (5 cm (L) x 
1 cm (W) x 0.5 cm (H)) was used to introduce hydrogen gas (laboratory grade, S.J. Smith), at 
10 sccm, and on the cathode side, a polycarbonate window was positioned over the graphite 
current collector to enable oxygen to diffuse from the ambient environment.  The low hydrogen 
flow rate minimizes the pressure differential across the microfluidic channel but also maintains 
uniform reactant conditions along the GDE length.
26
  For the H2/O2 configuration, polycarbonate 
gas flow chambers were used to introduce both hydrogen and oxygen gases (laboratory grade, 
S.J. Smith), at 50 sccm each.  In both cases, the multilayer assemblies were held together with 
binder clips (Highmark).  Fuel cell testing was conducted using a potentiostat (Autolab PGSTA-
30, EcoChemie) at room temperature.  For all studies, electrolyte flow rate was maintained at 
0.3 mL min
-1
 using a syringe pump (2000 PHD, Harvard Apparatus).
27
  Prior to experiments 
using the Ag cathode, the fuel cell was operated at 0.3 V for 20 min to activate the catalyst.
5
  
Fuel cell polarization curves were obtained by measuring steady-state currents at different cell 
potentials using General Purpose Electrochemical System (GPES) software (EcoChemie).  The 
exposed geometric surface area of the electrode (1 cm
2
) was used to calculate the current and 
power densities.  A reference electrode (Ag/AgCl in saturated NaCl, BASi) was placed at the 
outlet of the electrolyte stream to allow for the independent analysis of polarization losses on the 
 cathode and the anode.
30
  After each experiment, the fuel cell was disassembled and the 
electrodes were rinsed with deionized water, then dried under a laboratory fume hood.
Figure 2.1: Diagram of a microfluidic fuel cell with a flowing electrolyte.  In the H
passively diffuses to the cathode while pure hydrogen is fed to the anode at 10 SCCM.
 
 
2.2.3 Conductivity measurement
The room temperature conductivity 
star pH/conductivity meter (Thermo Scientific) using a two
(Duraprobe 018020MD).  Before measurement, the conductivity cell was triple rinsed with 
deionized water and calibrated with a 1 M KCl solution with conductivity 111.9 mS cm
Conductivity measurements were taken in triplicate and the average of the three values was used 
for the IR-corrections. 
2.3. Results and discussion 
2.3.1 Effect of KOH concentration on cell perf
The performance of the microfluidic H
cathode, was first investigated as a function of electrolyte concentrations (3, 5, 7, and 9
KOH).  Selecting the optimum KOH concentration in an alkaline fu
of tradeoffs between kinetics, conductivity, and viscosity, which all change as a function of 
concentration.  Previous studies using a microfluidic H
2/air setup shown here, air 
 
 
of electrolyte solutions was measured with an Orion 4 
-electrode conductivity cell 
ormance 
2/air fuel cell, operated with a Pt/C anode and Ag/C 
el cell involves consideration 
2/O2 fuel cell by Brushett 
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-1
.  
 M 
et al. showed 
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inferior performance at 1 M KOH; specifically, only 56% of the peak power density achieved 
with 3 M KOH, due to both reduced electrolyte conductivity and lower Ag/C cathode oxygen 
reduction activity at that concentration.
27
  Figure 2.2a shows polarization and power density 
curves for the microfluidic fuel cell performance operating with KOH concentrations of 3 to 
9 M.  The fuel cell generated peak power densities of 47, 39, 29, and 25 mW cm
-2
 for 3, 5, 7, and 
9 M KOH, respectively.  Thus, optimal performance is observed at 3 M KOH.  Performance 
decreases with increasing electrolyte concentration despite increasing electrolyte conductivity.  
The individual electrode polarization curves (Figure 2.2b) reveal reduced anode performance as 
the main cause for lowered overall fuel cell performance at higher KOH concentrations.  The 
anode performance losses at higher KOH concentrations are mainly due to increased electrolyte 
viscosity hampering water management, which leads to anode flooding at high current 
densities.
43,44
  Another anodic performance-limiting factor is competitive hydroxyl ion 
absorption at higher electrolyte concentrations, which blocks the adsorption of hydrogen species 
and reduces electrode performance.
45,46
  Additional hydroxyl ions only improve electrode 
kinetics up to a certain threshold KOH concentration.  Finally, at higher electrolyte 
concentrations, another possible limiting factor is high counterion (K
+
) concentrations, which 
can cause anode shielding.  These effects outweigh the decreased hydrogen oxidation 
equilibrium potential from the increased pH (Nernstian shift).  These observations are in good 
agreement with results obtained in a microfluidic H2/O2 fuel cell operated with Pt/C electrodes.
43
 
 Figure 2.2: (a) Power density curves and (b) corresponding polarization curves for an air
operated at varying KOH concentrations.  Electrodes
Electrolyte flow rate: 0.3 ml/min.  H2 feed: 10 SCCM.  O
 
 
The decreasing cathode performance with increasing KOH concentration may be attributed 
to the downward Nernstian potential shift at higher pH (particularly visible for 9 M KOH), 
increased hydroxyl adsorption at the catalytic sites, and the aforementioned i
electrolyte viscosity at higher KOH concentration.
configuration, optimal performance at RT was observed at 3
electrolyte conductivity and lower electrolyte viscos
temperatures, this balance may shift to higher KOH concentrations since increased temperatures 
reduce electrolyte viscosity and improve electrode kinetics.
To determine overall power output and design feasibility of AFCs
parasitic losses associated with electrolyte pumping must be quantified.  Pumping losses are a 
function of both the pumping setup and the electrolyte composition.  The well
flow solution for fully developed pipe flo
the parasitic losses for the microfluidic cell used here (Table 
pumping efficiency was assumed to be 40 %.
-breathing fuel cell 
: Pt/C (1 mg Pt/cm
2
) anode and Ag/C cathode (4 mg Ag/cm
2 feed: air-breathing.  At room temperature.
2
  In summary, for this microfluidic 
 M KOH where the effects of high 
ity balance.  Note that at elevated 
 
 with flowing electrolyte, 
w and the Bernoulli equation
47
 were used to calculate 
2.2).  For these calculations, the 
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2
).  
 
ncrease in 
-known laminar 
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Table 2.2: Parasitic power losses with no carbonate formation  
KOH (M) maximum power 
density (mW cm
-2
) 
power loss 
(mW cm
-2
) 
% power loss 
3 47 04.4   9.4% 
5 39 05.8 14.7% 
7    29 07.7 26.2% 
9 25 10.2 41.0% 
 
As KOH concentration increases, electrolyte viscosity also increases but peak power density 
decreases.  Consequently, at higher KOH concentrations, pumping requirements consume a 
greater percentage of the fuel cell power output.  The 3 M KOH solution has the lowest power 
loss, while the 9 M KOH solution has the highest power loss.  This behavior can be attributed to 
the higher viscosity for the 9 M KOH solution and the lower peak power density.  The results 
suggest that a microfluidic setup is viable as a portable fuel cell, with 3 M being the optimal 
KOH concentration for our operating conditions in the absence of contaminants such as 
carbonates formed from CO2. 
 
2.3.2 Effect of carbon dioxide on a flowing electrolyte fuel cell 
In the first study, the ability of the flowing electrolyte stream to remove previously-formed 
carbonate species was investigated (Figures 2.3a and 2.3b).  In these studies, neat CO2 was 
introduced on the anode side of a microfluidic H2/O2 fuel cell with a stationary 3 M KOH 
electrolyte.  First, the cell performance is analyzed prior to CO2 exposure to determine a 
baseline.  Second, with the fuel cell off but not disassembled, pure CO2 (15 sccm) flows over the 
anode for 10 min while N2 (15 sccm) flows over the cathode.  After the exposure, the 
microfluidic H2/O2 fuel cell is tested to determine performance shifts.  Third, a second 10 min 
CO2 exposure performed with the fuel cell off but not disassembled.  After this second exposure, 
cell performance is again tested.  Fourth, a 10 min KOH rinse is performed by flowing 
19 
 
electrolyte, at 0.3 mL/min, through the microfluidic chamber.  After this rinse, cell performance 
is tested, with a stationary electrolyte, to determine the effect of the convecting stream. 
Figure 2.3a shows the polarization and power density curves of the microfluidic fuel cell, 
operating with a stationary 3 M KOH electrolyte, during this protocol.  Exposure to CO2 leads to 
significant performance losses as peak power density decreases from 102 to 31 mW/cm
2
 after the 
first exposure (10 min total exposure) and then drops to 16 mW/cm
2
 after the second exposure 
(20 min total exposure).  However, after a KOH rinse, full peak power density of 103 mW/cm
2
 is 
regained.  In Figure 2.3b, individual electrode polarization curves indicate that the carbonate 
species impact the anode performance while the cathode performance appears unaffected by the 
exposure.  After the KOH rinse, anode performance is fully restored.  The slight reduction in the 
maximum current density observed in the recovery data can be attributed to the few remaining 
precipitants that would most likely to be flushed away by a longer KOH rinse.  Thus, the 
dynamic electrolyte stream appears to be an effective means of removing formed carbonates 
(both ions and precipitants) from the microfluidic AFC. 
       
Figure 2.3. (cont. on next page) 
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Figure 2.3.  Proof of concept studies of carbonate formation and removal within an alkaline microfluidic H2/O2 fuel 
cell.  In the first study, carbonate formation is investigated via controlled CO2 poisoning of a fuel cell with a 
stationary electrolyte.  (a) Polarization and power density curves of the fuel cell as a function of CO2 poisoning; (b) 
corresponding anode and cathode polarization curves.  In the second study, carbonate removal is investigated via 
controlled CO2 poisoning of a fuel cell with a flowing electrolyte (0.3 mL/min).  (c) Polarization and power density 
curves of the fuel cell as a function of CO2 poisoning; (d) corresponding anode and cathode polarization curves.  In 
all studies, H2/O2 flow rates were 50 sccm each, electrode loadings were 2 mg Pt/C /cm
2
 (1 mg Pt /cm
2
), and 
experiments were performed at room temperature. 
 
In the second study, the ability of the flowing electrolyte stream to prevent carbonate 
precipitation was investigated (Figure 2.3c and 2.3d).  In these studies, neat CO2 was introduced 
on the anode side of a microfluidic H2/O2 fuel cell with a flowing 3 M KOH electrolyte.  During 
all experiments, the constant electrolyte flow rate of 0.3 mL/min is maintained.  First, the cell 
performance is analyzed prior to CO2 exposure to determine a baseline.  Second, with the fuel 
cell off but not disassembled, pure CO2 (15 sccm) flows over the anode for 10 min while N2 
(15 sccm) flow over the cathode.  After the exposure, the microfluidic H2/O2 fuel cell is tested to 
determine performance shifts.  Third, a second 10 min CO2 exposure performed with the fuel cell 
off but not disassembled.  After this second exposure, cell performance is again tested.   
Figure 2.3c shows the polarization and power density curves of the microfluidic fuel cell, 
operating with a 3 M KOH electrolyte flowing at 0.3 mL/min, during this protocol.  With a 
dynamic electrolyte, fuel cell performance is unaffected by exposure to CO2 as any carbonates 
formed at the three-phase interface are immediately removed.  The individual electrode 
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polarization curves confirm that both anode and cathode performance are unaffected by the 
exposure (Figure 2.3d). 
These two studies show that: (i) prolonged CO2 exposure leads to carbonate formation in the 
microfluidic AFC, and (ii) a dynamic electrolyte stream removes any formed carbonates for the 
electrode-electrolyte interface.  This result means that the dynamic electrolyte effectively 
decouples the two-fold effect of carbonate formation by preventing carbonate precipitation onto 
the electrode surface.  Thus, the impact of soluble carbonate ions on individual electrode and 
overall fuel cell performance can be isolated and observed.  Consequently, this microfluidic 
configuration can be used to investigate the impact of carbonates on electrode performances for 
both liquid electrolyte- and AAEM-based fuel cells.  While these experiments were performed in 
a microfluidic H2/O2 fuel cell with Pt/C electrodes, the results are applicable to other 
microfluidic configurations, such as the air-breathing cell used here, as the effect is electrolyte-
dependent. 
2.3.3 Effect of carbonate formation on Pt and Ag cathode performance 
Based on the demonstrated ability of a flowing electrolyte stream to dissolve carbonates, 
thereby fully restoring fuel cell performance, we can study the problem of carbonate formation 
systematically by varying the composition of the electrolyte stream from 3 M KOH to 1.5 M 
K2CO3 in steps of 0.5 M KOH (Table 2.3).  Recall that one carbonate forms by the reaction of 
two hydroxyls with one CO2 (Eq. 1).  The effects of electrolyte composition on fuel cell peak 
power densities were investigated in two microfluidic configurations, a high performance H2/O2 
fuel cell with Pt/C electrodes and a H2/air fuel cell with Pt/C anode and Ag/C cathode (Figure 
2.4).  Here, we define a parameter, the 90% threshold, as the KOH concentration above which 
the peak power density is at least 90% of the initial value, adhering to governmental targets.
41
 
  
Figure 2.4: Fuel cell peak power density as a function of K
a forced O2 stream or with quiescent air.  The horizontal dashed lines indicate the 90% level of the initial power 
density for each run.  Electrolyte flow rate: 0.3 ml min
 
Figure 2.4 shows a steeper drop
the air-breathing configuration, which is likely due to the higher demand on the anode in the 
H2/O2 experiment making the hydroxyl loss more significant, since the conductivit
the viscosity increases are the same for both setups.  Both configurations show a fairly small 
initial decline in performance due to decreased electrolyte conductivity, and then show an 
increasingly steep drop in performance as the hydroxyl lo
kinetics.  This sharp drop occurs between 1.5 and 2 M KOH (0.5 
setup and between 1 and 1.5 M KOH (0.75 
Table 2.3: Tested KOH 
concentrations 
KOH (M) K2CO3 (M) 
3.00 0.00 
2.50 0.25 
2.00 0.50 
1.50 0.75 
1.00 1.00 
0.50 1.30 
0.00 1.50 
 
2CO3 formed for the microfluidic fuel cell operated with 
-1
.  H2 and O2 feed: 50 SCCM.  At room temperature.
-off in performance for the H2/O2 configuration compared to 
sses begin to negatively impact anode 
– 0.75 M K2CO
– 1 M K2CO3) for the air-breathing setup.  The final 
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y losses and 
3) for the H2/O2 
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peak power densities, observed at 1.5 M K2CO3, are 23% and 34% of the peak power densities, 
observed in 3 M KOH, for the H2/O2 and the air-breathing setups, respectively.  These results 
indicate that the H2/O2 configuration is more sensitive to the presence of carbonates than the air-
breathing configuration, which retains more than 90% peak power density until more than 50% 
of the KOH is reacted to form carbonates.  Consequently, we used the microfluidic H2/air cell 
fuel operating with a Pt/C anode and a Ag/C cathode for the rest of our experiments. 
 
2.3.4 Effect of carbonate formation at different KOH concentrations 
Since the electrolyte composition changes over the fuel cell lifetime, a 3 M KOH starting 
concentration may not be optimal for extended operation.  To investigate the sensitivity of 
various alkaline electrolyte concentrations to carbonate formation, we studied microfluidic H2/air 
fuel cell performance utilizing initial electrolyte concentrations of 3, 5, and 7 M KOH (Figure 
2.5) over the course of six days.  For each concentration, carbonates were introduced in 0.25 M 
increments.  Results were normalized daily to a 3 M KOH trial conducted that day to eliminate 
any error from electrode decay (due to loss of hydrophobicity) over the course of experiments.  
To compare the results of varying KOH concentrations, we define a second parameter, Coptimum, 
as the range of K2CO3 formation where a certain KOH concentration gives the highest 
comparative fuel cell performance. 
Fuel cells operated at higher initial KOH concentrations demonstrate greater carbonate 
tolerances (Figure 2.5), since their maximum power densities decrease at a slower rate than fuel 
cells operated with 3 M KOH.  This slower performance drop is due to the higher initial 
hydroxide ion concentrations which increase resilience to carbonate formation by maintaining 
high electrolyte conductivities (Table 2.4).  Note that at first this long-term advantage of 
 carbonate resilience when operating at 5 or 7 M KOH is offset by the lower fuel cell peak power 
densities compared to the initial peak power density observed when operating at 3 M KOH (See 
above, e.g. Figure 2.2).  A sharp drop
each initial electrolyte concentration due to reduced anode kinetics and electrolyte conductivity 
at this low KOH concentration.  The individual electrode polarization curves (Figure 
demonstrate the diminished anode kinetics at KOH concentrations lower than 1.5 M, while the 
overlay of the 3 M KOH and 1.5 M KOH IR
performance decrease at higher KOH concentrations is only due to c
2.6c).  In addition to reduced kinetics, carbonate blocking of active sites and reduced local pH at 
the anode surface may also contribute to the reduced performance.
Figure 2.5: Normalized power density of a H
[K2CO3] formed.  The horizontal dashed lines indicate the 90% level of the initial power density for each run.  
Electrodes: Pt/C (1 mg Pt cm
-2
) anode and Ag/C cathode (4 mg Ag cm
feed: 10 SCCM.  O2 feed: air-breathing.  At room temperature.
 
  
-off in power density is observed at about 1.5 M KOH for 
-corrected polarization curves demonstrates that the 
onductivity losses (Figure 
 
 
2/air fuel cell operated at different KOH concentrations as a function of 
-2
).  Electrolyte flow rate: 0.3 ml min
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2.6b) 
-1
.  H2 
 Figure 2.6: (a) Polarization and power density curves, as well as corresponding (b) anode and cathode polarization 
curves,  and (c) IR-corrected polarization 
KOH over K2CO3 ratios.  Electrodes: Pt/C (1 mg Pt cm
rate: 0.3 ml min
-1
. H2 feed: 10 SCCM.  O
 
Table 2.4: Performance degradation as a function of carbonate formation
Configuration KOH (M)
H2/O2 3 
H2/Air 3 
H2/Air 5 
H2/Air 7 
 
Table 2.4 demonstrates that 7 M KOH is undesirable for operation above the 90% 
performance threshold, since the lower initial performance means that C
until the conductivity loss reduces the power density below the 90% level.  Cells operated with 3 
 
curves for a H2/air cell with a Pt anode and a Ag cathode for different 
-2
) anode and Ag/C cathode (4 mg Ag cm
-
2 feed: air-breathing.  At room temperature. 
 
 90% threshold (M K2CO3) Coptimum (M K
0.00    N/A-1
0.75 0-1   
1.75 1-2   
1.75 2-3.5 
optimum
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).  Electrolyte flow 
2CO3) 
 
 
 
 is not reached 
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and 5 M KOH are both promising for different niches.  For example, fuel cells operated with 3 M 
KOH work well with carbonate formation up to 0.75 M K2CO3, if the inlet gas streams are 
scrubbed and/or if the electrolyte is replaced frequently.  By contrast, operation with 5 M KOH is 
superior for longer-term applications up to 1.75 M K2CO3, presumably making it more suitable 
for configurations that do not scrub the feed streams. 
 
2.3.5 Comparison with literature 
In an earlier study, Gulzow et al. investigated the carbonate sensitivity of a Ag/PTFE 
electrode in a half-cell setup operating at 80°C using a stagnant 7.1 M KOH electrolyte.
5
  
Experiments were conducted over 3000 hours using an inlet gas stream consisting of either 95 wt 
% O2 and 5 wt % CO2, which is 150x the concentration of CO2 in ambient air, or 100% O2 to 
investigate the extent and effects of carbonate formation on performance.  Near identical half-
cell performances were observed in both experiments, and the authors concluded that “CO2 in air 
is not really a problem for AFCs”.  As this work appeared to disagree with our findings, we 
performed a comparative study of our respective experiments.  Via titration analysis, Gulzow et 
al. determined that 0.3 M K2CO3 had formed over the course of 600 hours, which 
stoichiometrically corresponds to 6.5 M KOH 
5
.  Gulzow et al. also reported that the carbonate 
formation rate can be assumed to be roughly constant over the experiment since the CO2 
concentration in the O2 stream remains constant 
5
.  Thus, over the course of 3000 hours, the same 
rate of carbonate formation would yield an electrolyte composition of 1.3 M K2CO3 and 4.3 M 
KOH.  The effects of a similar amount of carbonate formation can be simulated in our 
microfluidic system using 7.0 M KOH.  Figure 2.7 demonstrates that the effects of altering the 
electrolyte composition from 7.0 M KOH to 4.3 M KOH and 1.3 M K2CO3 are limited to a less 
 than 5% decrease in maximum power density.  Interestingly, despite very different experimental 
setups including temperature, oxygen delivery method, and catalysts employed, our result is in 
close agreement with the observations of Gulzow, which ind
experimental findings. 
Figure 2.7: Normalized power density of 
formed for an initial electrolyte concentration of 7 M KOH.  Electrodes: Pt/C (1
cathode (4 mg Ag cm
-2
).  Electrolyte flow rate: 0.3 ml/min.  H
temperature. 
 
2.3.6 Electrolyte volume vs. cell lifetime
Ideally, one would like the electrolyte volume in an AFC to be large in order to minimize the 
change in concentration for a given rate of carbonate and water formation.  However, given the 
size and weight constraints for portable systems, such ideal volume
example, the experiments previously described by Gulzow 
electrolyte 
5
.  Unfortunately, this volume is far gr
“portable” fuel cell system, as even laptop batteries are approximately 300 ml in total volume 
However, the Gulzow experiments were run using 150x the normal concentration of CO
icates the broad applicability of our 
 
a H2/air cell with a Pt anode and a Ag cathode as a function of [K
 mg Pt cm
-2
) anode and Ag/C 
2 feed: 10 SCCM.  O2 feed: air-breathing.  At room 
 
s may not be feasible.  For 
et al. were conducted using 1.5 l of 
eater than the volume that could be used in a 
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2CO3] 
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can be assumed to translate into 150x the normal rate of carbonate formation based on the high 
conversion of any CO2 fed into the alkaline half-cell.
5
  Scaling the 1.5 l electrolyte volume down 
by a factor of 150 yields a 10 ml electrolyte volume.  Thus, operating our microfluidic cell with 
10 ml of electrolyte should exhibit changes in composition comparable to operating with an 
oxygen stream with 5 wt % CO2 for 1.5 l of electrolyte.  Furthermore, Ko et al. demonstrated that 
the initial rate of change in carbonate concentration is roughly linear for KOH solutions exposed 
to CO2 from ambient air.
49
  By applying this result to our experimental observation, operating 
lifetimes can be projected for a microfluidic fuel cell operated with 10 ml electrolyte. However, 
this 10 ml volume is much larger than the 0.2 ml volume of the microfluidic fuel cell chamber, 
which necessitates a flowing electrolyte for long term operation.  Here, we define toptimal to be the 
time range during which different KOH concentrations give the highest performance (Table 2.5). 
Table 2.5: Projected lifetimes based upon carbonate 
formation 
KOH (M) 90% threshold (h) toptimal (h) 
3 1700 0-2200 
5 3900 2200-4500 
7 3900 4500-7800 
 
As shown in Table 2.5, microfluidic H2/air fuel cells with 3 M KOH are projected to operate for 
1700 hours while maintaining 90+% of the maximum performance.  We predict that using a 
higher electrolyte concentration (>5 M KOH) would allow for lifetimes of up to 3900 hours, due 
to its higher capacity to absorb CO2.  In comparison, the 0.2 ml chamber volume alone would 
yield a 90% threshold of only 34 hours for 3 M KOH, which is most likely too short for most 
applications. 
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2.4. Conclusions 
This chapter discussed a series of experiments to determine the effects of varying electrolyte 
compositions on the peak performance of an alkaline microfluidic fuel cell.  Initial experiments 
determined that the effect of CO2 poisoning from air was limited to the gradual replacement of 
OH
-
 with CO3
2-
.  While a H2/O2 setup outperformed an air-breathing setup due to superior 
kinetics and reactant mass transfer, this high-performance configuration was found to be less 
resilient to carbonate formation.  The results demonstrated that while microfluidic H2/air fuel 
cells operated with 3 M KOH demonstrated the highest power densities, they were also the least 
tolerant of carbonate formation, projected to be resilient for 1900 hours of operation in ambient 
air.  Furthermore, increasing the KOH concentration above 3 M increases resilience to carbonate 
formation, with projected performance dropping by less than 10% for 3900 hours of operation in 
ambient air.  While long-term durability testing would still be needed to verify these results, the 
initial predictions are promising for AFC applications as portable power sources. 
Understanding these carbonate formation effects provides guidelines for the design and 
operation of microscale flowing electrolyte AFCs for portable applications.  In particular, the 
electrolyte volume is a key design component to mitigate carbonate formation; the operational 
lifetime will increase proportionally with the electrolyte volume.  With sufficient electrolyte 
volume, the AFC lifetime then hinges on the degradation of the other components most notably 
the electrodes which decay rapidly, resulting in a ~15 % performance drop over the course of our 
experiments, at elevated KOH concentrations.  Developing a deeper understanding of electrode 
degradation patterns is necessary in order to improve flowing electrolyte AFC lifetimes.  As a 
step towards achieving this goal, a method of quantitative analysis was developed and is 
discussed in Chapter 3. 
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Chapter 3: Quantitative measurement of in-situ single 
electrode behavior  
 
 
 
 
3.1. Introduction 
Fuel cells are especially promising power sources due to their intrinsic advantage of superior 
efficiency as compared to traditional combustion engines.
1
  Research to date has largely been 
focused on acidic proton exchange membrane (PEM) cells, which use expensive Pt-based 
catalysts and benefit from well-developed and durable PTFE-based membranes such as 
Nafion®.
1
  More recently, research has also focused on solid oxide fuel cells (SOFCs), which 
can utilize a wide variety of alcohol and hydrocarbon fuels but operate at elevated temperatures 
(500°C+), making them more suitable for stationary applications.
16,50,51
  Alkaline fuel cells 
(AFCs) offer a third alternative, with the advantages of superior cathode kinetics and improved 
catalyst stability.
2,3,27,52
  Replacement of the expensive Pt-based catalysts with transition metals 
stabilized in alkaline media could greatly reduce the fuel cell cost, but AFCs are not as well-
developed as their acidic counterparts
2,3
, due in part to the belief that carbon dioxide from air 
will irreversibly damage AFC electrodes.
52
  Each type of fuel cell has its advantages for 
particular applications, and no single type of fuel cell is likely to become the best option for 
every application.  However, a lack of detailed knowledge about fuel cell behavior in situ, as 
discussed in Section 1.2, has hampered fuel cell development. 
Here, we have developed a novel analytical method to quantify single electrode behavior 
within an operating fuel cell.  This method is based on individual electrode plots using 
overpotential versus the equilibrium potential, which is a function of the electrode reaction and 
34 
 
the electrolyte pH.  These plots are commonly applied in half cell experiments as well as some 
full cell experiments.
14,18,53
  While previous quantification has focused on the kinetic region
51,54
, 
the ohmic region is the typical range for fuel cell operation and is thus more important for 
practical applications.  We use two parameters, Rohmic and Vkinetic, to apply a linear fit in the 
ohmic region.  This fit is applied to demonstrate the effects of changes in kinetic, ohmic, and 
mass transport losses within an alkaline fuel cell.  Finally, IR-corrections are used to demonstrate 
the ability of this method to isolate individual electrode performance losses. 
 
3.2. Experimental 
 
Commercially available Pt/C (50% mass on Vulcan carbon, E-Tek) or Ag/C (60% mass on 
Vulcan carbon, E-Tek) were used as electrode catalysts.  A 30:1 ratio of catalyst to Nafion was 
used as the catalyst binder such that catalyst inks were prepared by mixing a total of 8.0 mg of 
Pt/C or 27 mg of Ag/C and 6.13 µL or 20.4 µL of 5 wt% Nafion solution (DuPont), respectively 
26,29
.  200 µL of DI water and 200 µL of isopropyl alcohol were added as carrier solvents.  The 
catalyst inks were sonicated (Branson 3510) for 1 hr to obtain a uniform mixture, which was then 
hand-painted onto 4 cm
2
 of the hydrophobized carbon side of a carbon paper gas diffusion layer 
(35 BC, SGL carbon group) to create a gas diffusion electrode (GDE).  For the microfluidic 
H2/O2 fuel cell, the final catalyst loading was 1 mg/cm
2
 of Pt (50% mass Pt) for the anode and 
1 mg/cm
2
 of Pt (50% mass Pt) or 4 mg/cm
2
 of Ag (60% mass Ag) for the cathode.  Testing was 
conducted as discussed in Section 2.2. 
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3.3. Results 
 
3.3.1 Use of single electrode quantification  
Individual electrodes are tracked using a reference electrode, which yields the potential of 
each electrode.  Each electrode potential is plotted as overpotential.  The overpotential is defined 
versus the equilibrium potential for the reaction.  Equilibrium potentials at pH 14 are -0.83 V vs 
RHE for the anode and 0.4 V vs RHE for the cathode, and are then shifted by -59 mV for an 
increase of one pH unit.  A potential increase for the anode or a potential decrease for the 
cathode is considered to be positive overpotential and thus decrease the fuel cell voltage.  These 
overpotential plots display the qualitative kinetic, ohmic, and mass transport regions found on a 
full cell curve.  Sample plots are shown in Figures 3.1a-c for Pt electrodes and a 1 M KOH 
electrolyte; our convention is to use solid data points for the cathode and hollow data points for 
the anode.  The kinetic losses shown in the polarization curve primarily come from the cathode, 
while the mass transport losses are due to the anode.  As a result, the overpotential losses for the 
anode actually exceed the losses from the cathode for these two electrodes at high current 
densities, where mass transport losses become significant.  These results demonstrate that 
hydrogen oxidation in alkaline media cannot be neglected in full cell analysis, and are supported 
by research with RDEs and in AEM fuel cells
10,19
, along with our previous research
29,43,52
. 
 
  
Figure 3.1: (a) Polarization curve and (b
KOH.  Electrolyte flow rate: 0.3 ml/min.  H
 
These plots can be quantified to isolate behavior within a cell.  A linear fit, applied in the 
ohmic region, can be used to acquire a slope R
contains information about the electrolyte and electrode resistances, along with the mass 
transport losses.  Vkinetic contains information about kinetic/activation losses.  Equ
determines the electrode overpotential as a function of R
 
   
Where ∆V = electrode overpotential (V)
   I = current supplied by cell (mA/cm
 
-c) single electrode plots for a Pt/Pt alkaline fuel cell. Electrolyte: 1 M 
2/O2 feeds: 10 SCCM.  At room temperature.
ohmic (Ω-cm
2
) and an intercept Vkinetic
ohmic, Vkinetic, and I: 
  	
  	 
 
2
) 
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 (V).  Rohmic 
ation 1 
(1) 
 Together, the absolute and relative values of these parameters yield detailed information 
about the causes and effects of fuel cell behavior that goes beyond typical polarization curves, 
impedance, or two electrode plots.  In the following sections, we wil
this method by applying it to several comparative fuel cell studies of mass transport, ohmic, and 
kinetic phenomena.  
 
3.3.2 Effect of electrode backing on mass transport
Fuel cell electrodes use a variety of porous backing la
maintaining electrode structure.  Two commonly used backings are carbon paper, a brittle and 
highly porous backing, and carbon cloth, a more robust but less porous backing layer.  Varying 
the backing layer alters mass transport through the electrode, but does not significantly alter 
ohmic resistances or kinetic losses, since they are both carbon
effect of these backing layers, we tested two 2 mg/cm
O2.  The results are shown in Figure 
Figure 3.2: (a) Polarization curve and (b) cathode plot for a Pt/Pt alkaline fuel cell.  Electrolyte: 1 M KOH.  
Electrolyte flow rate: 0.3 ml/min.  H
The resulting power density curves in Figure 
instead of the carbon cloth cathode increases power density by 14%.  Although the polarization 
l demonstrate the utility of 
  
yers to facilitate gas transport while 
-based backings.  To determine the 
2
 Pt/C cathodes with 50 SCCM flowrates
3.2. 
 
2/O2 feeds: 10 SCCM.  At room temperature.
 
3.2a show that use of the carbon paper cathode 
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curves are mass transport-limited above ~300 mA/cm
2
, the losses are due to the anode (not 
shown here), while the cathodes remain in the ohmic region for tested current densities above 
100 mA/cm
2
.  The cathode plots are shown in Figure 3.2b.  At high current density, the electrode 
plot actually exhibits decreasing electrode overpotential; this behavior is actually an artifact of 
the anode mass transport losses, and may be due to the reduced hydrogen crossover when the 
anode is starved of hydrogen.  This behavior has been observed but not explained in research 
conducted on a membrane-based fuel cell with a reference electrode.
24
  Both curves start with 
identical losses, but the carbon paper cathode increasingly outperforms the carbon cloth cathode 
as current densities increase.  This behavior demonstrates that the two backing layers yield the 
same kinetic performance, but the mass transport losses are smaller for the carbon paper cathode.  
Table 3.1 shows that Rohmic decreases by 47%, indicating inferior mass transport losses for the 
cathode.  However, Vkinetic remains constant, illustrating that the choice of backing layer does not 
alter the kinetic activity of the electrodes. 
 
Table 3.1: Cathode fits for varying 
backing layer 
Backing Vkinetic (V) Rohmic (kΩ) 
Carbon cloth 0.35 0.40 
Carbon paper 0.36 0.21 
 
 
3.3.3 Use of IR-corrections for single electrode plots 
IR-corrections are a common method to remove the effect of ohmic resistance within an 
operating fuel cell for analytical purposes.
15
  IR-corrections are applied to polarization curves by 
adding the current times the electrolyte resistance, which is calculated from the electrolyte 
thickness and the conductivity of the electrolyte, onto the polarization curve.  Alternatively, 
some authors apply IRcell corrections, where the Rcell value from EIS is assumed to be exclusively 
 the full value of the electrolyte resistance, in the same fashion.  We tested the effect of altered 
ohmic resistance by testing our fuel cell with both 2 mm and 1 mm electrolyte thickness.  A 
decreased separator thickness would be expected to decrease the ohmic resistance and increase 
fuel crossover, but fuel crossover in hydrogen fuel cells typically has only a very minor effect.  
The results are shown in Figure 3.3
 
Figure 3.3: (a) Polarization curve and (b) IR
3 M KOH.  Electrolyte flow rate: 0.3 ml/min.  H
Decreasing the separator thickness from 2 mm to 1 mm in
by 31%, demonstrating that ohmic resistances can significantly limit fuel cell performance 
despite the high conductivity of 509 mS/cm for 3 M KOH.  Without the limitations of ohmic 
resistance, the power density could be 
actually produced.  Using the IR-
mass transport limitations as well as compare results between two different fuel cell setups.
Single electrode plots for this data, shown in Figure 
based on the current range used for the fit.  While our 2 mm data has a maximum current density 
of less than 550 mA/cm
2
, the 1 mm data goes to 900 mA/cm
. 
 
-corrected polarization curve for a Pt/Pt alkaline fuel cell.  Electrolyte: 
2/O2 feeds: 50 SCCM.  At room temperature. 
 
creases the fuel cell power density 
as high as 320 mW/cm
2
, instead of the 206 mW/cm
corrected polarization curve, it is simpler to identify kinetic and 
3.4, do have slightly varying values 
2
 even after eliminating all points 
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2
 
 
 that showed minor mass transport effects.  We used our quantitative fits on the 1 mm data for 
both the range of 150-550 mA/cm
Table 3.2. 
Figure 3.4: Single electrode plots for (a) the cathode and (b) the anode in a Pt/Pt fuel cell.  Electrolyte: 3 M KOH.  
Electrolyte flow rate: 0.3 ml/min.  H2/O
 
Table 3.2: Quantitative fits for varying separator thickness
trial 
Cathode 
2 mm 
(150-550 mA/cm
2
) 
1 mm 
(150-550 mA/cm
2
) 
1 mm 
(150-900 mA/cm
2
) 
 
The data shown in Table 3.2 demonstrates that the current range used for the fit can have a 
significant effect on the results.  When both sets of data are fitted in the same current range, there 
is excellent agreement between the V
differing values.  As a result, all of the single electrode fits shown in this paper are for identical 
current ranges, within a given section.  Caution should be used for any comparisons between 
data that is not fitted for an identical current range.
2
 and the range of 150-900 mA/cm
2
.  The results are shown in 
2 feeds: 50 SCCM.  At room temperature. 
 
 
Vkinetic 
(V) 
Cathode 
Rohmic (Ω-cm
2) 
Anode 
Vkinetic 
(V) 
Anode 
Rohmic
cm
0.35 0.46 0.09 0.53
0.36 0.37 0.09 0.42
0.37 0.32 0.11 0.35
kinetic values, showing that Rohmic is the only sour
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 (Ω-
2) 
 
 
 
ce of 
 The next step for our research was to IR
While IR-corrected polarization curves are valuable, this method has not been used for two 
electrode plots or single electrode plots, because the distribution of t
immediately apparent.  A 50% split of the ohmic resistance between the two electrodes did not 
produce overlaying single electrode plots.  The reason for this disparity is that OH
much higher conductivity (198 cm
contribute 73% of the conductivity in the solution 
of anions will be higher near the cathode, while the concentration of cations will be higher near 
the anode.  Thus, the anode will have higher apparent ohmic resistance than the cathode.  In a 
standard gradient where the ion concentration is negligible near the other electrode, ¾ of the 
anions will be by the cathode and ¾ of the cations will be by the anode.  This distribution leads 
to a predicted value of 61% ohmic resistance appearing for the anode and 39% o
resistance for the cathode.  Our experimental values were 60% at the anode, which is a minor 
difference due to the nonzero concentration of OH
electrode plots are shown in Figure 
Figure 3.5: IR-corrected single electrode plots for (a) the cathode and (b) the anode in a Pt/Pt fuel cell.  Electrolyte: 
3 M KOH.  Electrolyte flow rate: 0.3 ml/min.  H
-correct our single electrode polarization curves.  
he IR-drop is not 
2
 S/mol)  than K+ cations (73.48 cm
2
 S/mol), so OH
55
.  In an operating fuel cell, the concentration 
f the ohmic 
-
 anions near the cathode.  The resulting single 
3.5. 
 
 
2/O2 feeds: 50 SCCM.  At room temperature. 
41 
- anions have a 
- anions 
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The single electrode plots demonstrate a successful use of IR-corrections, since both of the plots 
overlay. In addition, the quantitative IR-corrected values differ by at most 3 mV or 7 Ω-cm
2
 for 
Vkinetic and Rohmic, respectively.  This result further supports our conclusion that the effect of 
varied separator thickness is purely ohmic for these conditions. 
3.4. Conclusions 
 
This chapter discussed our development of a new method using single electrode plots to 
quantifiably determine Rohmic and Vkinetic, which yields more detailed analysis than traditional 
qualitative analysis using two electrode plots.  Experiments to quantifiably determine the effects 
of ohmic and mass transport losses using single electrode plots demonstrated the ability to isolate 
losses in a single parameter that is specific to an electrode, unlike traditional maximum power 
density analysis or impedance results.  Out method shows that losses from both electrodes are 
substantial in an alkaline fuel cell, and ohmic and mass transport losses are shown to only 
significantly affect Rohmic.  Finally, IR-corrections were used to isolate individual kinetic and 
mass transport losses at each electrode within our operating fuel cell, going beyond the 
resolution for both power density and two electrode plot analysis. 
Further use of this method in a variety of situations can improve understanding of in-situ 
behavior.  In particular, this method holds promise to ultimately simulate fuel cell performance 
with two electrodes that have never been used together, and to quantitatively determine the effect 
of contaminants on each electrode.  Single electrode plots thus have the potential to greatly 
broaden the range of fuel cell understanding. 
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Chapter 4: Concluding remarks 
 
4.1 Summary 
Our experiments used a microfluidic H2/O2 fuel cell as an analytical platform to determine 
the effects of the carbonate formation problem in alkaline fuel cells.  The microfluidic fuel cell 
has modular components that can easily be swapped to test electrodes, electrolyte, or other 
aspects of the fuel cell.  A reference electrode placed at the outlet allows for individual electrode 
analysis, which is not normally possible in conventional membrane-based fuel cells.  These 
capabilities of the microfluidic fuel cell enabled experiments that quantified the effects of 
carbonate formation.  Initial experiments determined that the effect of CO2 poisoning from air 
was limited to the gradual replacement of OH
-
 with CO3
2-
.  We found that while microfluidic 
H2/air fuel cells operated with 3 M KOH demonstrated the highest power densities, they were 
also the least tolerant of carbonate formation, projected to be resilient for 1900 hours of 
operation in ambient air.  Furthermore, increasing the KOH concentration above 3 M increases 
resilience to carbonate formation, with projected performance dropping by less than 10% for 
3900 hours of operation in ambient air.  A quantitative method to analyze individual electrode 
performance using single electrode plots and the two parameters Rohmic and Vkinetic was developed 
and applied for in-situ analysis.  We demonstrated that losses from both electrodes are 
substantial in an alkaline fuel cell, and that ohmic and mass transport losses are shown to only 
significantly affect Rohmic.  IR-corrections were used to isolate individual kinetic and mass 
transport losses at each electrode within our operating fuel cell.  Finally, we demonstrated the 
ability of single electrode plots to predict fuel cell behavior for electrodes tested in new 
conditions. 
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4.2 Future directions 
Quantifiable usage of these single electrode plots offers the potential to determine and predict 
electrode behavior in a wide variety of tested situations.  Since ohmic and mass transport 
behavior are often similar for electrodes designed to catalyze the same reaction, fuel cell 
modeling based on empirical data could reduce the need to create a new fuel cell to test any 
change in a variable.  Since this general methodology is applicable to any type of fuel cell (i.e. 
PEM, AEM, solid oxide) that can use a reference electrode, analyses going beyond the standard 
maximum power density analysis or impedance results are now possible.  Major goals of future 
research are to (1) investigate and mitigate the causes of electrode degradation over time using 
Rohmic and Vkinetic, (2) determine electrode tolerance to contaminants such as ethanol, NaBH4, 
methanol, and ammonia, and (3) predict electrode performance changes in a wide variety of 
situations based on the quantitative results.  Success in these areas would increase the breadth 
and depth of fuel cell knowledge beyond typical level of full fuel cell testing. 
 
